We have conducted a feasibility study to determine the effectiveness of using USNO-B1.0 data to preferentially detect objects with displaced red and blue components. A procedure was developed to search catalogue entries for such objects, which include M dwarfs paired with white dwarfs or with earlier main-sequence stars, and galaxies with asymmetric colour distributions. Residual differences between red and blue and infrared and blue scanned emulsion images define vectors, which, when appropriately aligned and of sufficient length, signal potential candidates. Test sample sets were analysed to evaluate the effective discrimination of the technique. Over 91,000 USNO-B1.0 catalogue entries at points throughout the celestial sphere were then filtered for acceptable combinations of entry observations and magnitudes and the resulting total of about 17,000 entries was winnowed down to a little more than 200 objects of interest. These were screened by visual examination of photo images to a final total of 146 candidates. About one quarter of these candidates coincide with SDSS data. Those constituents fall into two groups, single and paired objects. SDSS identified several galaxies in the first group. Regarding the second group, at least half of its members were tentatively identified as main-sequence pairs, the greater portion being of widely separated spectral types. Two white dwarf-main-sequence pairs were also identified. Most importantly, the vectors formed from USNO-B1.0 residuals were in alignment with corresponding SDSS pair position angles, thereby supporting this work's central thesis.
INTRODUCTION
With USNO-B1.0 the United States Naval Observatory (USNO) presented a catalogue of over 7400 scanned Schmidt plates exposed in surveys that spanned a period from 1949 to 2002 (Monet et al. 2003) . The catalogue represents a culmination of the photographic era of observation. We develop a means of selecting objects with displaced red and blue components through analysis of USNO-B1.0 entry fields. (The catalogue is hereafter referred to in the text as USNO-B). Christy, Wellnitz & Currie (1983) first proposed a method of detecting binaries with different coloured components by employing a shift in position dependent upon the observation band. Others (Sorokin & Tokovinin 1985; Wielen 1996; Bailey 1998) further investigated the phenomenon and Pourbaix et al. (2004) were first to successfully detect a number of binary systems on the basis of such colour differentiation, deriving their candidates from Sloan Digital Sky Survey (SDSS) Data Release 2 entries.
⋆ E-mail: jsjayson@yahoo.com Entities anticipated to be singled out include M dwarfs (dM) paired with early main-sequence stars, white dwarfs (WDs) paired with main-sequence stars and galaxies with asymmetric colour distribution such as those with extensive stellar nurseries. The preferential selection of mainsequence pairs with widely spaced spectral types lends itself to studies of low mass ratio binaries (Fischer & Marcy 1992; Clarke 2009; Forgan & Rice 2011; Reggiani & Meyer 2013; Duchêne & Kraus 2013) . By-products of the procedure include distant blue objects, red giant/carbon stars or galaxies in angular proximity to main-sequence stars. In concept the technique, augmented with x-ray survey data, could further detect young neutron star-main-sequence binaries. However, the paucity of such objects makes this latter possibility unlikely.
Central to the technique, the pair of stars or galaxy must appear as a single object in all observations of the USNO-B entry. (Though the proximity of two stellar objects is more likely to indicate a binary association than a chance occurrence, other than when discussing known binaries, we generally use the term 'pair''or pairing' to describe two objects in angular proximity). Our initial focus is on three test groups. We then follow-up by extracting paired and galactic candidates from USNO-B entries taken at spot locations throughout the celestial sphere.
The USNO-B catalogue has over one billion object entries in two epochs, with two colour magnitude readings for the first epoch and three colour readings for the second epoch. The deep photographic surveys captured objects as faint as magnitude 21. The resulting image sizes range from about 2.5 arcsec across for a magnitude V =20 object to approximately 12 arcsec for magnitude 13 (King & Raff 1977) . Because bright objects were saturated, entities brighter than V =13 were replaced in the USNO-B catalogue by Tycho-2 readings (Høg et al. 2000) , where available. Those replacement entries are not of interest here.
To determine which observations belonged to an entry, USNO first passed a search aperture of 3 arcsec through the assembled digital files. Two or more points located within the aperture were entered as a record. Identification of objects with large proper motions (pms) required opening the search aperture and entailed a more involved procedure. Entries vary from a minimum of two observations to a maximum of five. See Monet et al. (2003) for further details. Residual values in the mean observation epoch are listed for each observation, i.e., the arcsec deviation of both RA (α) and Dec (δ) from their mean values (the RA deviation,15∆α cos δ, is the negative x residual). We identify the sought after paired and galactic candidates through analysis of the residuals. The catalogue, when supplemented with the survey logs 1 , furnishes enough data, including computed pm, to enable retrieval of the observation coordinates. The dispersion at the mean observation epoch is about 0.12 arcsec. For a discussion of absolute errors see Roeser, Demleitner & Schilbach (2010) .
We would not expect the residuals to vary much from 0.12 arcsec for a single star. Also, because of the rigid relationship between main-sequence stellar mass, radius and radiative intensity, when a main-sequence pairing appears on the emulsion as a single compact object we expect the centre of the object image to follow the more massive star regardless of exposure colour. Again, the residuals are anticipated to be of the order of the measurement errors. However, a significant proviso to this conclusion obtains when the pair is measured as a single object, but appears on the emulsion as an extended object, i.e., two abutting or overlapping entities. In that circumstance, if the two stars are of widely separated spectral types the red-blue displacement will be detected.
For a WD-main-sequence pairing the rigid mainsequence relationship no longer applies. A hot WD emits at a greater intensity, yet because of its small radius, it is not necessarily more luminous. The blue exposure is displaced from the red exposure and that shift will lead to larger residual values. A similar argument applies for a galaxy with a displacement of large active and quiescent regions.
That is the effect, in brief, that is central to our proce-1 Most survey logs are available at the USNO web site, www.usno.navy.mil/USNO/astrometry/optical-IR-prod/icas . A complete set of survey logs was furnished courtesy of David G. Monet, USNO, Flagstaff Station dure. In fact, there are other factors that can lead to large residuals. The USNO in their effort to capture many objects erred on the side of gathering together data points that did not belong to the same entity. Often the giveaway for such a hybrid will be large residuals. None the less, a distinction can usually be made between legitimate objects and these hybrids by several means, e.g., comparing magnitudes at a given colour from one epoch to the other, seeking anomalies in data plotted in the observation epochs, and by use of images and finder charts from the USNO website. SDSS has charted about 35 per cent of the sky in five colours and with unprecedented photometric precision (York et al. 2000; Abazajian et al. 2003; Ahn et al. 2012) . Its primary purpose was collecting massive data on quasars and galaxies. Adjuncts to the programme have generated extensive WD catalogues (Kleinman et al. 2013) . In addition to the colour induced displacement work of Pourbaix et al. (2004) , Smolčić et al. (2004) identified compact WD-main-sequence binaries by analysis of colour magnitudes across several bands . Over 2,500 such systems have been catalogued (Rebassa-Mansergas et al. 2012 , 2013 Li et al. 2014) .
USNO-B represents an older technology. Its photometry is over an order of magnitude coarser than that of SDSS. However, USNO-B is a comprehensive catalogue that encompasses the entire celestial sphere, which is a major reason for pursuing this feasibility study.
Section 2 establishes criteria to detect candidate entries. In Section 3 groups of known single stars, dM binaries and WD-dM binaries are probed to test our approach and outlier points are analysed. The entries studied in Section 3 each have five observations. Section 4 considers candidate identification from USNO-B listings with four observations and for one combination of three observations. The insights gained in Sections 3 and 4 are put to use in Section 5 where USNO-B entries from various sectors of the sky are sifted for objects of interest. Section 6 analyses the segment of the candidate population coincident with SDSS data. That data provides star/galaxy identification and, through use of colour-colour plots, affords tentative typing of candidate pairings. We present our conclusions in Section 7.
CRITERIA FOR DETECTION OF OBJECTS OF INTEREST
2.1 The USNO-B data set and a measure of a blue-red shift Table 2 provides abbreviated entries for the two objects depicted in Fig. 1 . An alternate object designation (not provided in the USNO-B catalogue), and the object coordinates constitute the first three rows, followed by the mean observation epoch and the USNO computed pm components. All succeeding rows refer to individual observations. They include the survey number, the survey field, the date of the observation (not provided in the USNO-B catalogue, obtained from the survey log), the x residual and the y residual. A most useful measure gauges the relative displacement between the blue images and the corresponding red images and also, with regard to second epoch exposures, the relative displacement between the second epoch blue and infrared images. Concerning that relative displacement, consider surveys 0 and 1. Those are the blue and red surveys, respectively, of the first Palomar Observatory Sky Survey (POSS-I, see Minkowski & Abell (1963) ) . What is unique about these readings is that the blue and red plates for each field were exposed on the same night. Thus, beyond the measurement error, the difference between the red and blue x and y readings gives a direct indication of the displacement between the two images in the observation epoch, as well as any other epoch that they both may be transformed to. For all other surveys, the difference in exposure dates between different colour plates within the same epoch vary from as little as a negligible amount to as much as 20 yr. Since the residuals are given in the mean epoch of the object observations, in theory the difference in exposure dates is transformed away. However, that transformation depends upon the USNO-B computed pm. Any error in computed pm will translate to a corresponding error in location, the error being equal to the product of the pm error times the difference in observation dates. Large pm's play a role in the vicinity of the solar neighbourhood. However, a good fraction of the USNO-B entries constitute distant objects with zero or close to zero pm.
In Fig. 1 the residuals are plotted for two very different objects. In Fig. 1a they are plotted for GJ 1031, a single star. Here R1 and B1 refer, respectively, to the epoch 1 red and blue exposure residual values and R2, B2 and I2 are the corresponding epoch 2 red, blue and infrared residual values. Displacement vectors are drawn for R1-B1, R2-B2 and I2-B2, with the tail of the vector at the blue position. The data points are clustered within a small area and the vectors are directed in random directions.
In Fig. 1b the residuals are plotted for a WD-dM binary. The WD component is WD 0824+288 and the dM component PG 0824+289B. In this instance the three vectors are aligned in nearly the same direction and the magnitudes of the vectors are significantly larger than those of Fig. 1a . Table 2 lists a USNO-B pm value of zero for the WD 0824+288, PG 0824+289B system. A glance at Fig. 1b indicates that the pm value is in fact not zero. We surmise that the USNO-B algorithm may have set the pm to zero because of a contradiction in the RA terms.
To demonstrate the relative position of the displacement vectors with respect to the two stars, we compute an approximate corrected pm and transform all observations to ICRS, epoch 2003.07 to put them in the same reference frame and epoch as that of the stellar positions taken from SDSS data release nine. For comparison with the SDSS data the USNO-B coordinates require corrections to the ICRS frame (Roeser et al. 2010) , which can be found at the German Astrophysical Virtual Observatory (GAVO)
2 . Since the USNO-B pm is zero, the residuals represent the relative positions in the observation epochs as well as in the mean epoch. We compute an approximate pm by taking the differences of the second epoch blue and red observations with their corresponding observations in the first epoch, B2-B1 and R2-R1, dividing by the differences in observation dates and taking a weighed average. Using the computed value of 16 mas yr the approximate nature of the pm computation and the bias of the displacement vectors towards the WD signifies that that star is much brighter than its dM companion.
The WD 0824+288, PG 0824+289B system provides an introduction into what can be extracted from USNO-B. We next develop the specific criteria for gleaning candidate objects from the general population of USNO-B entries. 
In this equation x 1, x 2...and y1, y2... represent the negative RA residual component (15∆α cos δ) and the Dec residual component, respectively, of the observations that constitute an entry. The sample stars all have five observations The USNO-B identity, a standard identity, coordinates and the computed rms residual radius for each of these stars is provided in Table A1 . The last column of this table, listing point counts, is addressed in Section 3. To ensure that the stars in this group are indeed single, the sample was selected from the solar neighbourhood, no further than 20 pc, a region where extensive exploration extends some confidence. [One object, GJ 4360, is a barely resolved dM binary (Montagnier et al. 2006) , which with an angular separation of ∼0.1 arcsec, for all practical purposes stands in as a single star in this exercise.] The selection was dictated in large part by brightness, since many stars at that close range were replaced in the USNO catalogue by Tycho-2 readings. dMs predominate along with a couple of WDs. Since only USNO-B entries with five observations were included that further limited the selection sample. The mean r rms for the sample falls very much as expected, at 0.14 arcsec with a sample deviation of 0.05 arcsec.
Referring to Figs. 1b and 1c, we readily spell out the requirements for an entry with five observations: (i) The magnitude of each displacement vector should be significantly larger than 0.15 arcsec, yet not so restricted as to to eliminate closely spaced pairs. We choose a minimum of 0.3 arcsec.
(ii) The angle between any two displacement vectors must fall below some maximum cutoff. Here we use a nominal noise level of 0.15 arcsec and for each displacement vector (DV ) allow an angular deviation of arctan(0.15/|DV |). That expression is obtained by assuming a worst case of the noise component in quadrature with the signal component. By adding the maximum allowed deviation from alignment for each of two vectors we arrive at a comfortable margin of error where the allowed angular deviation between two displacement vectors must be less than arctan(0.15/|DV1 |)+arctan(0.15/|DV2 |). The larger the vectors, the tighter the angular deviation restriction. Alternatively, a small displacement vector magnitude leads to a loose restriction. We address that problem below.
(iii) As seen in Figs. 1b and 1c, if the object is a legitimate candidate then, |I2-B2 |> |R2-B2 |.
A point system with these requirements leads to a maximum of three points for satisfying minimum displacement vector magnitudes and a maximum of three points for satisfying the condition on restricted angular deviations. We address condition (iii) as follows: |I2-B2 | >|R2-B2 | =1 point; 0.2 arcsec>|R2-B2 |-|I2-B2 |>0=0 points; |R2-B2 |-|I2-B2 |>0.2 arcsec= -1 point. Regarding small displacement vector magnitudes, if any |DV | <0.15 arcsec, then for the two angles that that vector forms with the other two vectors, the angular deviation point count is zero. The displacement vectors are limited to residual differences between observations in the same epoch. See Section 4.2 for a short discussion of mixed epoch vectors.
Before putting these requirements to trial with a population of unknowns, we evaluate them first on known quantities in the following section.
TEST SAMPLES AND ANALYSIS OF OUTLIERS
We anticipate that our point system will select paired mainsequence stars with extended USNO-B images and of widely separated spectral types. WD-dM pairs are expected to be selected, even if their USNO-B images are compact. However, selection of dM binaries is not considered likely regardless of emulsion image extension. Three sample groups, each of 40 objects, are evaluated to test these expectations, single stars, dM binaries and WD-dM binaries. Each object comprises five observations. The single star group is the same as that represented in Table A1 and is included as a benchmark. The binary sample group members are listed in Table A2 . Janson et al. (2012 Janson et al. ( , 2014 have conducted a large-scale study of multiple dM systems using earth bound telescopes, but obtaining diffraction limited resolution through the use of speckle imaging. Table A2 provides the USNO-B identity, a standard identity for one of the components, coordinates, the component separation and the computed point counts for 40 of these systems. Systems were selected with separations greater than a few tenths of an arcsec and less than 7.5 arcsec.
The sample of WD-dM binaries, found in Table A2 , derived from several sources. Farihi et al. (2006 Farihi et al. ( , 2010 conducted a study with the Hubble Space Telescope in which over forty systems were resolved into two or more components. Hoard et al. (2007) established a table of WDlow mass star binaries acquired from a culmination of work entailing analysis of the McCook & Scion (1999) catalogue using 2 Micron All Sky Survey (2MASS) photometry, Skrutskie et al. (2006) and follow up telescopic surveys. Silvestri et al. (2005) compiled a table of WD-dM wide binaries in the course of a study on the age of such systems. In all these instances we selected samples with separation distances from several tenths of an arcsec to 10 arcsec. Table A2 indicates whether or not SDSS data is available for the WD-dM entries. Fig. 2 provides histograms for the three groups of samples, the single stars in Fig. 2a , the binary M-dwarfs in Fig. 2b and the WD-dM binaries in Fig. 2c . There are no point counts of 6 or 7 for the first two groups, while the third, the group of WD-dM binaries, has a total of 18 objects at those levels and an additional 6 objects with a point count of 5. That is an encouraging result, but it leaves open the question of why the contrast is not even more extreme. The outliers are investigated in the following three subsections. These are the objects in the first two groups with point counts of 4 and 5, and the objects in the third group with point counts 5 and lower.
Single Star Outliers
In Fig. 2a four stars exhibit a point count of 4 and three a point count of 5. Two of the stars with point count 5 and one of the stars with point count 4 exhibit diffraction spikes on the USNO-B images. Monet et al. (2003) , in explaining the reason for substitution of Tycho-2 entries for bright stars, state that the USNO precision measuring machine's measures are 'usually confused by. . . gross saturation, diffraction spikes and halos.' Eliminating from consideration USNO-B bright stars that weren't captured by Tycho-2 would partially resolve this problem. That option is adopted in Section 5. Diffraction spikes from neighbouring stars remain an issue.
At the other extreme, LP 888-18, a star with point count 5, has a B1 magnitude of 20.71 and a B2 magnitude of 19.96. We attribute the large displacement vectors and high point count of this star to the less precise measurements at the higher magnitudes. An upper limit of 19.5 B2 magnitude will be introduced in section 5. Large spreads in magnitude, such as in the blue in this instance, are not uncommon in USNO-B. Monet et al. (2003) give a standard deviation of 0.25 mag. For eligibility into the sample groups objects were required to differ by less than one magnitude in the red and in the blue.
A large fraction of the stars in Fig. 2a have point counts of 1, 2 or 3. These stars have short displacement vectors, but not necessarily shorter than the angular deviation cutoff of 0.15 arcsec. As a result moderate sized angular deviations are awarded points. Additionally, if the residuals are solely due to measurement errors we can expect that for half of these objects |I2-B2 |>|R2-B2 |, and hence another point will be awarded. It is therefore not surprising that a few objects with rms residual radii in the vicinity of 0.12 arcsec none the less register point counts of four. The remaining three objects fall into this category.
However, that is not the full extent of the problem. All three of these stars have an inclusive angle of less than 11
• between the R2-B2 and I2-B2 vectors. For that matter, six of the seven outlier stars fall into this category and of the forty stars in the sample, twelve have an inclusive angle of less than 15
• . By comparison, for the R1-B1 and I2-B2 vectors, four of the forty stars satisfy that condition and for the R1-B1 and R2-B2 vectors two out of forty do.
R2-B2 and I2-B2 are not totally independent vectors, both sharing the common B2 point. Given three observation points, and deviations due to measurement errors alone, assume one of the measurements more errant than the other two. When that point is B2, we expect that the two vectors formed from B2 will be closely aligned. This explanation satisfies the statistics, although the sample size is limited. This is a serious problem if the number of false candidates is to be minimized. It is especially so when, as will be discussed in Section 4, searches are to be conducted using only the two epoch 2 vectors. We expect that the longer the displacement vectors, the less likely the effect. Aside from requiring longer displacement vectors, a cap on the B2 magnitude, discussed above, will further alleviate the problem. 
dM binary outliers
In Fig. 2b six objects have a point count 4 and three a point count 5. Two of the point count 4 objects display prominent diffraction spikes as does one with a point count of 5. Another point count 4 binary falls into the category of an object with small residuals resulting in random angular deviations that are awarded points.
The other five objects of interest have large point counts because the passage of a neighbouring star, not a member of the binary, affects the results. We take a close look at two of these objects.
2MASS J05191382-0059423
Figure 3 depicts downloaded USNO images at the 2MASS J05191382-0059423 position. In the 0 and 1 survey images, shown respectively in Figs. 3a and 3b, the object identified by USNO-B is in fact two objects. The segment to the southeast (north is up, east is to the left) exhibits little change from the blue image to red. The second segment increases its size significantly on the red exposure. It is that object that has the coordinates of 2MASS J05191382-0059423 and within that object lies the binary system, with a separation of 1.1 arcsec, that we originally set out to probe. Further, Fig 3c displays the image from survey 3. The first two surveys were conducted in 1953.91. Survey 3 was conducted in 1991.79 and indicates either the apparent orbiting of the 'blue' and 'red' objects or one object passing the other. They have an angular separation of roughly ∼7 arcsec. According to Janson et al. (2014) the distance of the 'red' object is about 31 pc, which, if the objects are part of the same system, translates to a separation of ∼200 au. The total mass of the two red companions is 0.65 M⊙ (Janson et al. 2012) and if the objects are gravitationally bound the 'blue' object is likely a WD with mass of the order of M⊙ and the system has a period on the order of 3000 yr. In a span of 38 yr the objects have changed their orientation by about 45 degrees. We are probably observing a fly-by. The 'blue' object has SDSS and 2MASS identities, SDSS J051913.68-005949.9 and 2MASS J05191367-0059499.
2MASS J05464932-0757427
USNO-B images at the 2MASS J05464932-0757427 position indicate the blending of two star images with the passage of time. A plot of the data in the observation epochs (Fig. 4) delineates the situation. The epoch 2 red and infrared data points reflect the blended image while all other data points refer to the separate objects. USNO-B has two entries. The one associated with 2MASS J0546932-0757427 is USNO-B1.0 0820-0079747, which has five data points, and is the entry under analysis. The second entry, USNO-B1.0 0820-0079746 is associated with a southern object, 2MASS J05464930-0757494 and has three data points. The blending of the two images, with the concurrent southward shift of the R2 and I2 points results in two aligned and large epoch 2 displacement vectors, and a count of 4 points.
WD-dM binary outliers
For the WD-dM binary sample group the outliers are the entries with the low point counts as contrasted with the other two sample groups. Twenty-two entries out of forty have point counts below 6. The low point count entries fall into a few major groups: large pair angular separation, small pair angular separation, large magnitude spread between the pair components, tight angular constraints between the displacement vectors and miscellaneous. A summary follows, again, a pair is referred to by just one component:
(i) Six entries with pair component angular separations ranging from 5 to 10 arcsec, display as separate entities on all observation images or as a mix, separate on at least one image and blended on at least one image. We require a blended object on all images for the displacement vectors to properly reflect the presence of red and blue components. Three entries in the sample group, WD 0325+263 and WD 1402+506, each with point count 6, and WD 2341-164 with point count 7, have separations of 6-6.3, 5 and 6.2-6.7 arcsec respectively, giving some indication of how large a separation can yield positive results.
(ii) Three entries with pair component separations less than 0.7 arcsec failed to achieve 6 or 7 points. In all three instances the main problem lies with one or more short displacement vectors, which is not unexpected. Two entries in the sample group, WD 1443+337 and WD 1558+616, each with point counts of 6, have respective pair component separations of 0.68 and 0.72 arcsec, providing some measure of the minimal separation that can be detected.
(iii) For eight entries one stellar component dominates throughout the three colour spectrum, leading to a low point count.
(iv) Two entries lost points because their large displacement vectors resulted in tight constraints on angular alignment. Thus, the position angles for the three WD 0949+451 vectors ranged from 102
• to 124
• , yet two points were deducted on this account.
(v) WD 1240+754 is highlighted here because of an artefact that appears, improbably, on the POSS-IE exposure as an extension to the binary system. WD 1619+525 is a multiple star system. Two of the displacement vectors roughly align with the far companion. R1-B1 is over 120
• out of alignment. Hoard et al. (2007) made a tentative identification of WD 2318-137, point count 3, as a binary in their table 2 and this system would not have been considered for inclusion in the sample group except that the tentative assignment stemmed from observation of elongations in the POSS red images. We confirm moderate sized displacement vectors (0.25 to 0.48 arcsec). However, the vector position angles are unaligned.
CRITERIA FOR USNO-B ENTRIES WITH THREE OR FOUR OBSERVATIONS

Two displacement vector criteria
Objects with five observations provide an opportunity for verification through several variables. Since there were no first epoch blue plate exposures taken south of -33
• declination we must also address four object detections. That is also true in the north if a greater portion of the catalogue is to be accessed. Three object observations are also considered under one circumstance.
No more than two displacement vectors can be formed from four observations. (An epoch 2 vector could be formed from I2-R2, but that does not appear promising to us and will not be considered). Entries limited to N=3 can be assessed only in the instance when all three observations are from epoch 2, in which situation we can compare R2-B2 with I2-B2. Beyond entries with five observations, the additional possibilities are: (B1,R1,B2,R2 ), (B1,R1,B2,I2 ), (B1,B2,R2,I2 ), (R1,B2,R2,I2 ) and (B2,R2,I2 ).
With less than five observations there is little opportunity for assigning points. Two displacement vectors and their position angle difference yield three points. A fourth point is assigned for |I2-B2 |>|R2-B2 | for those entries with all three epoch 2 observations. That extra point in no way reflects the relative value of the pairing of two epoch 2 vectors versus an R1-B1 vector paired with an epoch 2 vector. The latter is a more reliable indicator as both vectors are completely independent. In all situations with fewer than five observations the minimum displacement vector magnitude is set at 0.45 arcsec to reduce the false candidate tally. Also, maximum point count, three or four, whichever applies is required.
Mixed epoch vectors
We have chosen to take residual differences between emulsions from the same epoch. That was influenced to a great extent by difficulties with USNO-B pm values (Gould & Kollmeier 2004; Munn et al. 2004) , as illustrated, for example, in Fig. 1b . For distant objects, which constitute the great majority of USNO-B entries, the pm is either zero or close to it and there is no good reason why vectors cannot be formed from differences in residuals between images from both epochs.
The introduction of vectors formed within and between epochs greatly increases the possibilities regarding combinations and numbers of vectors, but as long as each vector incorporates a blue observation the number of completely independent vectors will always be limited to two. Introducing mixed epoch vectors would allow analysis of entries that lack a B2 observation and would be particularly effective with four observation entries that include both blue observations. The option of mixed epoch vectors merits notice, but will not be pursued further in this work.
PROBING USNO-B ENTRIES FOR CANDIDATE PAIRINGS AND GALAXIES
The exercise in Section 3 with sample groups of known quantities provided several insights germane to the more problematic task of probing the general population of USNO-B entries. The first step entails filtering out objects with unacceptable parameter values. Entries passing that gauntlet are then tested as described in the preceding sections and as amended below.
The candidate selection sieve
The initial set of filters includes:
(i) Eliminate all N=2 entries, all N=3 entries, except those with B2, R2 and I2 observations, and N=4 entries where B2 is the missing quantity.
(ii) Eliminate all entries where any magnitude is 21 or dimmer. This step filters against false readings caused by artefacts such as emulsion defects.
(iii) Eliminate all entries where ∆ magnitude |B1-B2 |>0.9 and/or |R1-R2|>0.9. This requirement removes many of the hybrid entries and is slightly more exacting than the sample group requirement.
(iv) Include only entries in which 13<B2 <19.5 mag. This requirement guards against diffraction spikes on the low end and against inaccurate readings on the high end. It is a stringent requirement and on the high end, in and of itself, it eliminates a good fraction of all USNO-B entries.
(v) Avoid densely populated areas, generally, but not necessarily, in the Galactic equatorial plane. Several of the outliers in Section 3.2 experienced problems because of the passage of a neighbouring star. The density in the vicinities of those outliers was 8 objects arcmin −2 or greater. For this feasibility study we explore regions with densities <8 objects arcmin −2 . The average density of USNO-B entries over the celestial sphere is about 6.9 objects arcmin −2
, but the condition is restrictive due to the concentration about the Galactic plane.
Additionally, rooted on the experience of the test sample groups, we tighten the requirements for entries with five observations. An entry must comply with each of the following conditions for selection: (i) All three displacement vectors must be greater than 0.35 arcsec.
(ii) Two of the three angle requirements between displacement vectors must be satisfied. That also puts a constraint on the third angle requirement.
(iii) |I2-B2 |-|R2-B2 |> -0.15 arcsec. This requirement combines and slightly modifies the three used with the sample groups.
Based on these revised requirements, the displacement vector requirement, in particular, several of the WD-dM sample group entries that had point count 6 would not now be selected. This step was none the less taken in an attempt to minimize false positives. Table 3 summarizes which areas of the celestial sphere have been sampled. The first column provides the central Galactic coordinates and the search area about that centre. The next column lists the number of USNO-B entries found in the sample area as acquired from VizieR. The following three columns provide the number of remaining entries after the filter at the column head has been activated, the value inclusive of all preceding filters. The next four columns indicate the number of objects of interest for objects with five observations, four observations and a displacement vector in each of the epochs, four observations and epoch 2 displacement vectors, and three observations, both vectors in epoch 2. The final column gives the density of the initial entries arcmin −2 . The row at the bottom of the table sums each of the columns. The total number of objects of interest is 213. This number represents unscreened results. That is out of an initial 91,133 entries. The number of entries probed after filtering for acceptable observation detections and magnitudes is 17,136.
Candidates
USNO-B images have been examined for all objects of interest. A total of 67 entries were removed from further consideration, overwhelmingly due to two problems: about two-thirds because of diffraction spikes from nearby bright objects and about one-third because of inconsistent object blending or separation from one emulsion to another. The removals were far from uniformly distributed. Of the 56 objects of interest with five observations 4 were removed. On the other hand, of the 122 items with four observations and two epoch 2 displacement vectors, 37 were removed. Further, of the 23 items with three observations and both displacement vectors in epoch 2, all 23 were withdrawn. Over half of those were phantom objects created out of the glare of the diffraction spikes. The diffraction spikes are consistently more prominent in the epoch 2 exposures than in those of epoch 1. Finally, of the 12 items with four observations and a displacement vector in each epoch, 3 were removed. These results highlight the robust nature of the entries with five observations. As for the relatively large number of items with four observations and two vectors in epoch 2, that can partly be attributed to the absence of any B1 observations south of -33
• declination. Table A3 provides a list of the 146 candidates remaining after screening. The first column furnishes the USNO-B identity, the next column the equatorial coordinates and the third column the number of observations. Succeeding columns list the displacement vector position angles and vector magnitudes. The final column notes USNO-B image characteristics and indicates availability of SDSS data.
SDSS DATA
WD-dM binary test set
Before considering SDSS data coincident with candidates in Table A3 , we first return to the test set of WD-dM binaries, for which SDSS data is found for 30 of the 40 set members. Six of these members are flagged SATURATED, and are removed from consideration (see Stoughton et al. (2002) for a discussion of SDSS flagging). An additional six entries are flagged BLENDED, no deblend. That comes as no surprise, as blended objects are central to this study. However, interpreting the photometry of such objects is problematic. The SDSS telescopes have resolutions of about 1.5 arcsec, dependent upon seeing conditions. The pairs, flagged BLENDED, no deblend, have separations within the range of 0.655 to 2.0 arcsec. For one of these binaries, WD 0956+045, only the dM is flagged. (Here, we again identify a binary by just one of its components, the WD).
The colour-colour plots of Figs. 5a and b display the remaining eighteen pairs and the unblended WD. Fig. 5a plots g-r versus u-g and Fig. 5b plots r-i versus g-r, where u, g, r and i are the ultraviolet, green, red and infrared SDSS bands. (z band data is not put to use here). The approximate locus for main-sequence stars is outlined on all diagrams (Richards et al. 2002; Smolčić et al. 2004; Covey et al. 2007 ). The WDs, with one exception, fall in the lower lefthand side of Fig. 5a and the dM in the upper righthand side, both as expected from a wide body of work (Lenz et al. 1998; Finlator et al. 2000; Smolčić et al. 2004; Covey et al. 2007; Rebassa-Mansergas et al. 2012 , 2013 . The exception is the DC white dwarf, WD 0725+827 (Silvestri et al. 2005) . Cool WDs appear bluer than mainsequence stars at the same temperature (Silvestri et al. 2002) and from its position on the colour-colour plot the WD 0725+827 temperature is less than 5500
• C. Six of the binaries, WD 0257-005, WD 1106+316, WD 1157+129, WD1236-004, WD1558+616 and WD 1833+644, have been identified as a single star by SDSS, and lie within the WD region. Five of these binaries have separations ranging from 0.478 to 0.72 arcsec, which in this case was close enough to elude detection of blending. The sixth binary, WD 1833+644 is a multiple with separations of 0.079 and 1.82 arcsec. The nearer companion is 4 magnitudes brighter than the farther one (Farihi et al. 2010) .
Only a few dMs are plotted on Fig. 5a . The others exceed 20.5 mag in the u band. At less than 20.5 mag the accuracy of the u band measurements is better than 0.1 mag (Smolčić et al. 2004 ). [At 22 mag, the limiting signal-tonoise level is 5:1 (Ivezić et al. 2000) , good enough for detection, but not for accurate photometry]. Eleven dMs are plotted in Fig 5b. (One dM is too faint in the g band to be plotted). Note that only WD 0725+827 is identified on Fig. 5a . No individual stars are identified on Fig. 5b. 
Candidates coincident with SDSS data
SDSS observations coincide with 37 of the candidate entries. Two of these observations have a SATURATION flag and one an EDGE flag. The remaining entries are listed in Table 4, representing a little less than a quarter of the total number of candidates. Table 4 is divided into two parts, the first for single objects in which one SDSS item coincides with the USNO-B entry and the second part for paired objects in which SDSS has resolved or deblended two entities. The first column of Table 4 numbers the entry for easy identification on Fig. 5 . That is succeeded by the USNO-B and SDSS identifications and by a column designating a galaxy as indicated by SDSS. The following columns list the values of u, u-g, g-r, and r-i. For those objects designated as galaxies by SDSS the values of u-g and g-r, corrected for reddening, as determined by Schlafly & Finkbeiner (2011) , are parenthetically indicated adjacent to the uncorrected values. Their work has used SDSS data to improve upon the maps previously developed by Schlegel, Finkbeiner & Davis (1998) . Corrections have not been applied to r-i or to stellar objects. Judging from the galactic results at the shorter wavelengths, such corrections for colour differences would not exceed 0.075 mag and their absence does not affect our conclusions. A second row in the paired object section records the same information for the second SDSS object. The next two columns provide computed separation and position angles for the paired SDSS entries and the final column assesses the apparent nature of the object as determined from the SDSS designation and from the colour-colour diagrams of Fig. 5. 
Single objects
The single objects include the first ten entries of Table 4 and additionally two entries from the second portion of the table, #'s 12 & 18, whose companions are too faint in all bands to have influenced USNO-B selection. Both of those entries are identified as galaxies, for a total of seven of the twelve single objects designated as galaxies by SDSS . Two of those objects are flagged BLENDED, no deblend. Regarding galaxy selection, our methodology works with distant systems. Galaxies that subtend tens of arc-seconds and more are either perceived by USNO-B as extremely bright objects (USNO-B magnitude evaluation depends upon image diameter) or are often apprehended as a series of smaller objects. In the first instance bright magnitude filtering eliminates the entry and in the second, should the object make its way through filtering and analysis, it then should be eliminated on visual inspection. The two galaxies flagged BLENDED, no deblend, are not nearby, their images span only a few arc-seconds, but they none the less fall into the latter category and eluded being discarded in the initial visual inspection. The other five galaxies appear as small images. Entry #12 is plotted on Fig. 5c and falls close to the separator line between red and blue galaxies (dashed line, from Strateva et al. (2001) ). That is suggestive of a bicoloured galaxy, but the significance of the selection of this galaxy, as well as the other four, requires observational input. Strateva et al. (2001) selected a population of galaxies with a cutoff of g<22 mag. Entry #12 satisfies that condition, but the u band accuracy is probably no better than 0.2 mag.
Of the remaining five single object entries two, #'s 6 and 7, have faint u and g magnitudes and each has four USNO-B observations, i.e., two displacement vectors, both dependent upon B2. Although USNO-B B2 is less than 19.5 mag for both, that is at considerable variance with the SDSS data and no attempt is made to further identify these two entries. Object #'s 4, 9 and 10 fall within the main-sequence locus. The significance of their selection, again, requires more specific observational data.
Paired objects
The salient point for the paired object portion of Table 4 revolves about a comparison between the position angle of the two SDSS components and the average position angle of the corresponding USNO-B displacement vectors (see Table A3 for displacement vector data). Out of a total of 22 items we find the following:
Fifteen entries agree within 9
• , ten of those within 5
• . Six entries agree within a range of 11
• -24
• .
The remaining entry, #17, USNO-B 0984-0266003, deviates from alignment by 31
• . The separations for the 22 Note a Although the second component of object #15 is flagged BLENDED, no deblend, the photometry is retained as discussed in the text. entries range from 1.8-7.75 arcsec, in accord with expectations. Turning to the tentative identification of the entries, colour difference analysis, i.e., g-r versus u-g and r-i versus g-r, plus SDSS star/galaxy discrimination leads to the following conclusions:
(i) Eleven entries are main-sequence pairs, eight of them an dM paired with an earlier star. All eleven pairs exhibit extended USNO-B images. Both components of two of the exceptions, #'s 21 & 27, USNO-B 1054-0169679 and USNO-B 1189-0098459, are plotted on Fig. 5d . The close delta spectral spacings is of interest here. The spatial separations of the components, from Table 4, are 6.5 and 3.5 arcsec, respectively. To limit congestion, the third exception, # 11, USNO-B 0966-0584913, was not plotted, but it is similarly closely spaced spectrally. Its components are spatially separated by 4.6 arcsec.
(ii) Two entries appear to be resolved WD-main-sequence pairs, one of them a WD-dM. Both pairs, #'s 20 and 31, USNO-B 1053-0170642 and USNO-B 1251-0258748, are plotted in Fig. 5d . Pair # 20 is also plotted in Fig. 5c , along with the WD component of pair # 31. A third pair, entry #15, has a star flagged BLENDED, no deblend and is not plotted. We have retained the photometry in Table 4 , which, would place it in the WD region. Regardless of blending, it is difficult to envisage the object being in this region without it having a blue component. Its luminous output is virtually flat over the u, g and r bands, indicative of a high temperature. Despite a faint output of about 21.8 mag, USNO-B 2nd epoch blue exposures show an extended object, aligned as per the position angles of Table A3 . The average position angle alignment is within 14
• of that of the SDSS pair. (iii) Two entries are possibly unresolved WD-dM binaries, as per Smolčić et al. (2004) , paired with main-sequence stars, although they are marginally in the WD-dM region and may in fact be main-sequence pairs. The apparent WDdM components of both of these objects, #'s 28a and 30a are plotted in Figs. 5c & d.
(iv) Five entries are galaxies paired with main-sequence stars, one of the galaxies flagged, BLENDED, no deblend.
(v) One entry may be an M giant/carbon paired with a main-sequence star as per Covey et al. (2007) . However, this designation is speculative and is based on its distance from the main-sequence locus. Several of the dMs from the sample set, plotted in 5b are similarly outside of the locus, although not as wide. Both components are plotted in Fig. 5d . This entry, #33, USNO-B 1253-0259828, and one of the apparent WD-dM pairs, #31, USNO-B 1251-0258748, exhibit the widest spectral separations.
Discussion of SDSS results
We emphasize that the identity of objects in Table 4 is tentative. The sample set provided an illustration of how a cool WD, falling well within the colour-colour main-sequence locus could easily be misidentified.
Our designation of two pairs as WD-dM compact binaries paired with main-sequence stars is open to question, as is the tentative identification of one pair as an M giant/carbon star paired with a main-sequence star. It may well be that we have selected fourteen main-sequence binaries rather than eleven. On the other hand the identification of two objects as WD-main-sequence pairings, and a possible third, appears to be credible. Though main-sequence pairs with extended USNO-B images were expected to be uncovered, the detection of three pairs closely spaced on the colour-colour plots is not easily explained. In all three instances one component is brighter than the other in all bands.
The alignment of all SDSS paired objects with the corresponding USNO-B displacement vector position angles stands out as the prime result of this exercise, and it goes a long way towards affirming our central premise regarding the detection of objects with displaced blue and red components. Though we have been clear throughout this paper in our preference for USNO-B entries with five observations as contrasted with those with four, we point out that eight of those aligned paired objects were entries with four observations.
CONCLUSIONS
This feasibility study aimed at demonstrating the value of the USNO-B1.0 catalogue for selecting objects with displaced blue and red components. The specifics of the approach were developed with the aid of analysis of three sample test sets of known properties. Over 91,000 USNO-B entries were then sifted and analysed and the results visually screened to obtain a candidate list of 146 objects. Slightly less than a quarter of this list coincided with SDSS data, which was used for tentative identification of object types and, most importantly, confirmed that displacement vectors formed from the USNO-B data aligned with corresponding SDSS pair position angles.
That confirmation leads us to reexamine restrictions that were added after the test set analysis. In particular, USNO-B five observation entries were required to have all displacement vector magnitudes greater than 0.35 arcsec and four observation entries were required to have vector magnitudes greater than 0.45 arcsec. Relaxation of these strictures to lower thresholds would lead to a greater number of candidates and improved sensitivity at shorter pair separation distances. Too great a relaxation will result in large numbers of false positives. We expect that values of 0.3 arcsec for five observation entries, and 0.4 arcsec for four observation entries would be suitable.
Another restriction that bears reevaluation is the maximum acceptable magnitude for B2, which was set at 19.5 mag. There was good reason for this restriction, especially for four observation entries, due to the dependence of two vectors on B2 and hence an interdependence between the two that is especially damaging for the errant values of B2 more likely to occur at faint magnitudes. However, this constraint was one of the most limiting with regard to reducing the number of entries suitable for analysis. For those who would make use of this procedure, and specifically at the higher galactic latitudes, raising the ceiling to 20 mag is worthy of exploration. Our overwhelmingly negative result with three observation entries leads us to conclude that it is unproductive to pursue this course any further, though conceding that this conclusion is based on a small sample. What would be worthwhile is the introduction of mixed epoch vectors (see Section 4.2), which would expand the number of entries open to analysis.
Although we have established the effectiveness of our approach in selecting objects with displaced coloration there is still the question of its usefulness. Those studying low mass ratio main-sequence binaries might find the efficiency marginal, and those seeking WD binaries would hardly be tempted by the low yield. And while we have clear evidence regarding the detection of WD and main-sequence pairs, our suppositions regarding the types of single object galaxies detected remains speculative until confirmed, or otherwise, by observation. It seems clear that mounting an effective programme to exploit this tool would require a collaborative effort in which the different components of the team would have diverse interests. The motivation for such an effort assuredly lies in the expanse of USNO-B. This study has explored segments of the catalogue that, in total, encompass less than 0.01 per cent of that expanse. Table A2 . Binary sample sets. Coordinates are in equinox J2000, epoch J2000. For both sets of data only one component of the binary is listed under 'Alternate ident.' The references for the dM binary set are Janson et al. (2012 Janson et al. ( , 2014 . References for the WD-dM binary set (in parentheses after separation) are: (1) Hoard et al. (2007) , (2) Silvestri, Hawley & Oswalt (2005) and (3) Farihi et al. (2006 Farihi et al. ( , 2010 
